Individual ventricular outputs were measured in 25 fetal lambs using an indicator dilution method. Small volumes of indocyanine green were injected through catheters placed in the individual ventricles; sampling for the left ventricle was from a catheter placed in the brachiocephalic artery through the carotid artery and for the right ventricle sampling was from a catheter placed in the ductus arteriosus via a femoral artery and the aorta. Mean left ventricular output obtained by this method was 181.7 ml/kg per min and mean right ventricular output was 179.7 ml/kg per min. We suggest that the rapidity of preparation and relative lack of trauma involved in this method may account for values that are higher than those reported previously.
• Since the inception of reasonably precise studies on the fetal circulation by Huggett in 1927, 1 there has been difficulty in obtaining accurate measurements of the cardiac output in the fetus. This is undoubtedly due to the anatomical differences between the adult and fetal circulations; the former with its ventricles and lungs in series and the latter with its ventricles and the placenta in parallel. Thus, the commonly applied methods for measuring cardiac output in the adult circulation, such as the Fick principle and the usual indicator dilution techniques, cannot be employed without important modifications.
Measurements of cardiac output in the fetal mammal have been done by cardiometer 2 and by electromagnetic flowmeter applied to major vessels adjacent to the heart. 3 Dawes et al. 4 lambs by a method based on the oxygen saturation of blood taken simultaneously from various sites. All of these methods have required thoracotomy and traumatic manipulation of great vessels with possible damage to autonomic nerves. To this is added the inevitable deterioration which occurs with the passage of time necessary for these involved surgical procedures. It seemed worthwhile to examine the possibility of using indicator dilution techniques for measuring individual ventricular outputs without opening the chest of the fetal lamb. This report describes the results of indicator dilution studies using indocyanine green. 5
Methods
Twenty-five fetal lambs weighing 2.72 to 7.04 kg from Suffolk ewes at 138 to 147 days of gestation were used. (Term is 147 days.) After a 24hour period without food, the ewes were anesthetized with chloralose, 30 mg/kg, intravenously. The animal was placed on its right side, a tracheotomy was performed and supplemental oxygen given at a rate of 6 litres per minute by cuffed endotracheal tube.
The lamb was delivered by cesarean section and placed on a heated stainless steel side table which was slightly sloped towards the maternal abdomen to prevent undue tension on the umbilical cord. A fluid-filled rubber glove was fitted over the head of the lamb and the lamb itself was 192 MAHON, GOODWIN, PAUL covered with surgical dressing pads to prevent undue heat loss and excessive drying, particularly of the umbilical cord. The temperature was monitored with a thermistor probe in the rectum and a telethermometer.
Medical grade polyvinyl catheters (I.D. 0,044") were placed in various vessels ( fig. 1 ). The left femoral artery was catheterized and blood pressure was monitored from this vessel using a Statham strain gauge pressure transducer, model P23AA. Heparin in a dose of 10 mg/ kg was given and repeated after one hour. Two catheters were placed in the left carotid artery. One of them was advanced 2 to 3 cm down the carotid into the brachiocephalic artery. The other, connected to a Statham pressure transducer, was advanced into the left ventricle, the final position being indicated by the configuration of the ventricular pressure wave. A catheter with a slight hook at its tip was passed down the right jugular vein through the superior vena cava and right atrium into the right ventricle. Again, the position of the catheter tip was confirmed by the ventricular pressure wave configuration. Finally a catheter, the tip of which was bent to an angle of 120°, was introduced into the right femoral artery, up the aorta and into the ductus arteriosus. The position of the tip of this catheter was confirmed by injecting a small quantity of indocyanine green* into the left carotid artery or the left ventricle while blood was being withdrawn through the ductus arteriosus catheter. Immediate appearance of the dye indicated that the catheter tip was still in the aorta; however, if the tip of the catheter was correctly placed in the ductus arteriosus a delay of five to eight seconds (including the catheter withdrawal time) occurred in the appearance of the dye. Throughout the experiment the position of this catheter had to be checked repeatedly because it was found that dislodgement of the catheter tip could occur at any time. At the end of each experiment, the position of the catheters was verified at autopsy.
Indocyanine green in a concentration of 5 mg/ ml was injected into the ventricle using a Cornwall spring-loaded syringe. Dye dilution curves from the left ventricle were produced by injecting dye into the left ventricle and sampling from the carotid catheter; those from the right ventricle by injecting into the right ventricle and sampling the ductus catheter. These injection catheters were filled with dye throughout the experiment. The volume delivered by the syringe was determined following each experiment by weighing accurately the volume ejected. In the 25 lambs, the mean volume was 0.1021 ml (± SD 0.0323 ml). The reproducibility of this method of injection gave a standard error of 0.0006 ml.
Blood was withdrawn from the sampling catheters at a constant rate of 0.323 ml/sec through the densitometer cuvette system into plastic or glass syringes. After the report of the possible production of kinin-like substances in fetal blood by contact with glass, 6 plastic syringes were used in the withdrawal system. No significant differences were noted following this change. At no time did the volume withdra%vn exceed 10 ml and this was reinfused immediately into the fetal circulation, following transcription of the dye dilution curve. The concentration of indocyanine green in the blood was determined by means of a Waters dichromatic densitometer, model XC-300, and a Harvard constant infusion withdrawal pump, model no. 600-900. The densitometer *Cardio-Green: Hynson, Westcott and Dunning.
Gradation Research, Vol. XTX, July 1966 cuvette system was calibrated in the standard fashion by adding known quantities of indocyanine green to fetal blood obtained at the end of the experiment. Three concentrations of dye in blood were used to obtain a calibration curve. Signals from the pressure transducers and the densitometer amplifier were displayed on a Beckman/Offner type R dynograph.
The dye dilution curves were integrated by planimetry and/or by using a Sanbom cardiac output computer, model 130. The semilogarithmic extrapolation of the downslope portion of the dye dilution curve was found to be unnecessary as recirculation of dye does not occur until after the downslope has reached the base line (see Results).
Immediately after insertion and placement of the catheters, several series of triplicate dye dilution curves were obtained from each ventricle. Correct placement of the catheters was checked before and after each triplicate series by obtaining a characteristic ventricular pulse from the intraventricular catheter and by noting the delay of dye appearance in the ductus catheter, following carotid injection. In addition, absence of regurgitation from the right ventricle was checked by carotid sampling after right ventricular injection of dye, before and after each series of right ventricular outputs.
On nine occasions, dye clearances were studied. The fetal circulation was deliberately overloaded with a known quantity of indocyanine green and samples were taken at time 0, 0.5, 1, 2, 4, 8, and 16 minutes. Following centrifugation, plasma was analyzed for dye concentration in a Beckman spectrophotometer model DU at 800 m/A. Standard statistical methods were used throughout.
Results
The mean time taken from delivery of the fetus until the initial measurement of ventricular output was 37.1 minutes (so 6.1 min). A typical dye dilution curve, in this instance produced by injection into the left ventricle is shown in figure 2 . No differences were noted in the configuration of curves from either ventricle. There is a rapid increase of dye concentration with a sharp peak and smooth uni-exponential downslope which reached the base line in less than 15 seconds and was always followed distinctly and later by the increased concentration of recirculating dye. In fresh lambs, there was no change demonstrated in the level of arterial blood . pressure produced by withdrawal of blood at the rate used ( fig. 2 ). As time passed in some experiments, a maximum fall in blood pressure of 10 mm Hg occurred during the time that blood was being withdrawn. This was observed particularly with the smaller lambs. Furthermore, the injection of the small quantities of dye used did not change heart rate or blood pressure, but larger volumes (0.5 ml) produced transient arrythmias and a short-lived increase in femoral arterial blood pressure. When the larger volumes were injected into the right ventricle, the dye appeared occasionally and almost immediately in blood withdrawn from the left carotid artery indicating regurgitation into the right atrium through the foramen ovale to the left side of the heart. For 25 fetal lambs, the mean initial left ventricular output was 181.7 ml/kg/min (SD ± 50.6). The corresponding value for the right ventricle was 179.7 ml/kg/min ( S D ± 56.4). There is no statistically significant difference between these mean values. However, in 14 lambs the left ventricular output exceeded that of the right; in 11 lambs the right ventricular output exceeded that of the left. The mean initial left ventricular stroke volume was 2.87 ml ( SD ± 0.61); the mean initial right ventricular stroke volume was 2.78 ml ( S D ± 0 . 9 7 ) . The mean heart rate initially, for 25 lambs, was 252 beats/minute ( S D ± 3 1 ) .
An analysis of variance of triplicate measurements of ventricular output was done. From this the standard deviation of the ventricular outputs is 12.88 ml/kg/min. The coefficient of variation for both ventricles is 8.5$. In this group of experiments no relationship was found between absolute fetal weight and combined ventricular output relative to fetal weight. However, as all the lambs studied were within 12 days of term, the effects of gestational age in this regard could not be demonstrated.
This particular preparation receives a minimum of surgical trauma; nonetheless the effects of elapsed time on the circulatory stability of the delivered lamb with intact umbilical circulation are interesting. Figure 3 shows a plot of the combined ventricular outputs against time. Each point represents the sum of left and right ventricular outputs measured within two minutes of each other. Regression lines shown were calculated by the method of least squares. In addition to the regression lines for the combined ventricular outputs, regression lines for the in- Figure 4 shows a similar plot of combined ventricular stroke volume against time. The regression lines for right and left ventricular stroke volume, as well as that for the combined ventricular stroke volume, are superimposed. The calculated regression equation for the right ventricular stroke volume against time is y = 2.78 -0.012x. The corresponding equation for left ventricular stroke volume on time is y = 2.87 -0.019x. Again, these lines have a negative slope indicating a reduction in stroke volume with elapsed time.
In figure 5 the combined ventricular outputs are again plotted against time. Here, 
Plot of combined ventricular stroke volume against elapsed time. Solid line represents calculated regression. Broken line ( ) represents regression of left ventricular stroke volume on time. Broken line ( ) represents regression of right ventricular stroke volume on time.

Plot of combined ventricular output against elapsed time. Scales are (left to right): combined ventricular output (ml/kg/min), heart rate (beats/min) and combined ventricular stroke volume (ml). Solid line represents regression of combined ventricular output on time. Broken line ( ) represents regression of combined ventricular stroke volume on time. Broken line ( ) represents regression of heart rate on time.
regression lines for combined ventricular output, combined ventricular stroke volume and heart rate are superimposed. The calculated regression equation for heart rate against time is y = 254.8 -0.044a:. In contrast to the gradual reduction observed in both ventricular outputs and stroke volumes with time, the regression line for heart rate indicates no decline.
Dye clearance studies in nine lambs showed that the concentration of indocyanine green in the fetal blood declined rapidly in a uniexponential fashion with a half-time varying from two and one-fourth to three and threefourths minutes. These findings indicate that Indocyanine green does not accumulate in the fetal circulation. No systematic study of the route of clearance either by the fetal liver or across the placenta was made.
This method allows accurate measurement of the circulation time at various points in the fetal circulation. When the left ventricular catheter was used for the injection of dye, while sampling the ductus, it was found that the circulation time was five to six seconds; whereas when injections were done through the carotid catheter the circulation time was eight to nine seconds. The difference in the Circulation Roarch. VoL XTX, July 1966 circulation times between the two sites in the same animal was consistently two to four seconds. Small volumes of dye injected into the right ventricle appeared in blood withdrawn from the carotid in twelve to thirteen seconds. All these circulation times exclude the individual catheter withdrawal times.
Earlier studies included femoral vein injection of the dye and femoral arterial sampling. The configuration of the curves produced on most occasions was strikingly similar to that of the typical ventricular curve shown in figure 2.
Discussion
The following attributes are theoretical requisites for the measurement of flow by indicator dilution methods: 7 - 8 1) There must be no additional vascular input producing an unknown degree of indicator dilution between the point of mixing and the sampling point. This is the most difficult requisite to fulfill when studying the fetal circulation. The dye must be delivered to each ventricle without loss by diversion or regurgitation and sampling must be close to the ventricle. It is believed generally that blood from the superior vena cava passes exclusively to the right ventricle. However, Barclay et al. 9 noted, during cineradiographic studies, that large injections of dye would escape by regurgitation around the crista dividens through the foramen ovale and into the left atrium. Indeed, we found that small (0.1 ml) injections of dye made into the jugular vein would regurgitate in this fashion appearing as quickly in the carotid artery as it would in the ductus. The pressures produced by these small injections might be a factor in changing the physiological direction of flow.
2) The indicator must be dispersible in the medium and mixed. It is reasonable to assume that in the turbulence produced by the ventricular contraction, adequate mixing of dye occurs within the ventricle. In order to test this, however, in several early studies curves were inscribed from different sites in the carotid and brachiocephalic artery and identical ventricular outputs were calculated. It was not possible to test this point by altering the position of the sampling catheter in the outflow channel from the right ventricle. If adequate mixing had not occurred in the ventricle the curves from the two sites would have differed significantly.
3) Recirculation of dye should be delayed until the exponential decline of dye concentration can be accurately plotted. Our results show that there is absence of recirculation before complete washout of the dye from the ventricles.
4) Flow and volume should remain constant during the period of measurement. It is, of course, impossible under the conditions of these experiments to be certain that flow remains constant during the period of measurement. However, the records by Assali et al. s of pulsatile aortic and ductus flow show no phasic alterations prior to lung expansion. 5) Indicator particles must have a distribution of transit times between entry and sampling points which remains constant. In a vascular system, this requisite is violated, but the phasic changes in transit times secondary to the pulse are brief in relation to the period of measurement and are, therefore, disregarded in the use of this method. It is, perhaps, of even less significance in the fetal circulation where the pulse rate is considerably more rapid than in the adult circulation.
The values for combined ventricular output obtained in our experiments were significantly greater than those previously reported. As we have satisfied the theoretical requirements for indicator dilution methods in general, it would appear that the values obtained by other methods are too low. Barcroft and Torrens 2 using a refinement of Barcroft's earlier cardiometric method 10 obtained an average figure for the combined ventricular output of 240 ml/kg/min. This figure is remarkable because, in spite of the use of a crude instrument involving undoubted trauma, it agrees surprisingly well with the indirect estimate of 235 ml/kg/min by Dawes et al. 4 and the 198 ml/kg/min of Assali et al. 3 obtained by direct measurement with flowmeters on the great vessels.
The estimates of Dawes et al. 4 are based upon several major assumptions involving the admixture of blood streams with varying degrees of oxygen desaturation. The umbilical blood flow is the only direct measurement of flow used in their calculations and simultaneous measurements of regional blood oxygen saturation values were used with this estimate to calculate the combined ventricular outputs and regional blood flows. In 16 of 21 simultaneous sampling procedures, the time from delivery of the fetus to first sample was over one hour. Because of this, together with the trauma of thoracotomy, it is reasonable to assume that elapsed time could account for the lower mean values for combined ventricular output, and indeed workers in that laboratory have suggested subsequently 11 that their estimates of fetal cardiac output were in all probability too low. It is interesting that Dawes et al. 4 estimate that the umbilical blood flow represents 57S£ of the combined ventricular output, agreeing very closely with Barcroft's previous estimates. With the development of a stable and accurate electromagnetic flowmeter, Dawes has recently 12 revised his mean figures for umbilical blood flow in the mature fetal lamb to 177 ml/min/kg fetal weight. Using this and our mean combined ventricular output of 361 ml/kg/min, the percentage distribution to the umbilical vascular bed is 49?, a figure which agrees fairly closely with the previous estimate from Dawes' laboratory.
More recently, Assali et al. 3 have reported a technique for the measurement of fetal cardiac output which involves the application of several flowmeters to the walls of the great vessels. Again, their lower average figures for combined ventricular output seem to reflect the general and local trauma required by their procedure. The fact that their technique does not allow measurement of the flow through the coronary circulation calls in question their conclusion regarding the dominance of the right ventricle. As the two ventricles act in parallel rather than in series, Grculation Reiemrcb. VoL XIX, July 1966
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there is no a priori reason that the output of one should of necessity equal that of the other as in the adult circulation. The assumption by Assali et al. that fetal coronary flow is close to that of the adult is conjecture and Dawes (personal communication) has observed that it may in certain instances be quite large.
It seems reasonable to assume that the combination of elapsed time and trauma involved in these methods might be responsible for deterioration in the fetal lamb and hence a reduction in the cardiac output. Some evidence to support this view is found in the present study where, even without thoracotomy, the individual ventricular outputs deteriorated steadily with the passage of time. A further factor to be considered is the speed with which the preparation for measurements could be accomplished prior to our first dye dilution curves. In contrast, the mean preparation time quoted for twelve lambs by Dawes et al. 4 was 70.6 min. No similar observations are reported by Assali et al. 8 In addition, because different anesthetic agents were used in the above studies, a direct comparison of the results obtained by the various methods of measuring cardiac output is difficult, if not impossible. However, Barcroft and Torrens did use chloral hydrate, the effects of which are indistinguishable from chloralose, and their significantly lower values have been noted.
It is obvious from the regression analysis of heart rate on time that the rate alone is an imprecise measure of fetal deterioration, in this preparation at least. Indeed, the deterioration of the combined ventricular output with elasped time was paralleled by a reduction in ventricular stroke volume whereas the heart rate did not change.
We have been unable to find reports of measurements of stroke volume from the individual ventricles of fetal lambs in any of the previous work quoted above. Downing et al. 18 do report from observations on their perfused heart preparation that the stroke volume ranged from 2 to 6 ml at heart rates which were reported to range up to 200 beats/ minute. However, these experiments in-Circubrion Research. Vol. XIX, July 1966 volved a significant amount of distortion of ventricular capacity because the purpose of the work was to test the Frank-Starling relationship in the fetal heart of the lamb. Considering the fact that our lambs were at rest, the observed stroke volumes reported herein are not unreasonable.
It is obvious from our results and indeed from the work of others that the fetal circulation is relatively rapid. 14 ' 15 This is possibly accounted for by the presence of intracardiac shunts and of the placenta which is a low resistance vascular bed. The circulation times obtained from various injection and sampling sites are interesting. It might be assumed that the relatively short circulation times noted with left ventricular injection and ductus sampling reflect the rapid transit of the dye through the coronary circulation. On the other hand, the much longer time required for the transit of dye with right ventricular injection and carotid sampling probably represents the passage of dye through the umbilical circulation. Finally, the intermediate circulation times observed with carotid injection and ductus sampling might well reflect the transit of dye through the cerebral circulation.
This method for measuring cardiac output seems to offer several advantages over previously reported techniques. These are speed of preparation, absence of significant trauma, and reproducibility. It is hoped that the use of this method will allow a reasonably precise measurement of the changes in cardiac output following initiation of respiration and interruption of the umbilical circulation.
